J1234+3901: an extremely metal-deficient compact star-forming dwarf
  galaxy at redshift 0.133 by Izotov, Y. I. et al.
ar
X
iv
:1
81
2.
07
91
7v
1 
 [a
str
o-
ph
.G
A]
  1
9 D
ec
 20
18
Mon. Not. R. Astron. Soc. 000, 1–9 (2012) Printed 20 December 2018 (MN LATEX style file v2.2)
J1234+3901: an extremely metal-deficient compact
star-forming dwarf galaxy at redshift 0.133
Y. I. Izotov1, T. X. Thuan2 and N. G. Guseva1
1Bogolyubov Institute for Theoretical Physics, National Academy of Sciences of Ukraine, 14-b Metrolohichna str., Kyiv, 03143, Ukraine,
yizotov@bitp.kiev.ua, nguseva@bitp.kiev.ua
2Astronomy Department, University of Virginia, P.O. Box 400325, Charlottesville, VA 22904-4325,
txt@virginia.edu
20 December 2018
ABSTRACT
We have obtained optical spectroscopy of one of the most metal-poor dwarf star-
forming galaxies (SFG) in the local Universe, J1234+3901, with the Large Binocular
Telescope (LBT)/Multi-Object Dual Spectrograph (MODS). This blue compact dwarf
(BCD) galaxy with a redshift z=0.133 was selected from the Data Release 14 (DR14)
of the Sloan Digital Sky Survey (SDSS). Its properties are extreme in many ways. Its
oxygen abundance 12 + log O/H = 7.035 ± 0.026 is among the lowest ever observed
for a SFG. Its absolute magnitude Mg = −17.35 mag makes it the brightest galaxy
among the known BCDs with 12 + log O/H . 7.3. With its low metallicity, low
stellar mass M⋆ = 10
7.13 M⊙ and very low mass-to-light ratio M⋆/Lg ∼ 0.01 (in
solar units), it deviates strongly from the mass-metallicity and luminosity-metallicity
relations defined by the bulk of the SFGs in SDSS DR14. J1234+3901 has a very high
specific star-formation rate sSFR ∼ 100 Gyr−1, indicating very active ongoing star-
formation. Its spectrum shows a strong He ii λ4686 emission line, with a flux ∼ 2.4
per cent that of the Hβ emission line. The most probable source of ionizing radiation
for producing such a strong line is fast radiative shocks. J1234+3901 has a ratio O32
= [O iii]5007/[O ii]3727 ∼ 15, the highest among the lowest-metallicity SFGs, and
is thus likely leaking Lyman continuum radiation. It is a good candidate for being a
young dwarf galaxy, with a large fraction of its stars formed recently. As such, it is
probably one of the best local counterparts of dwarf primeval galaxies responsible for
the reionization of the early Universe.
Key words: galaxies: dwarf – galaxies: starburst – galaxies: ISM – galaxies: abun-
dances.
1 INTRODUCTION
The most metal-deficient nearby star-forming galaxies
(SFGs), with oxygen abundances 12 + logO/H . 7.3, are
often considered to be the best local counterparts of the
dwarf galaxies at high redshifts. They share many of the
same properties. Besides their very low metallicities, they
have low stellar masses, high specific star formation rates,
high gas masses and a compact structure. Therefore, these
very rare nearby extremely metal-poor galaxies constitute
excellent laboratories in which to study the physical condi-
tions that prevailed in galaxies at redshifts z ∼ 5–10, during
the epoch of reionization of the Universe. Because of their
proximity, they can be studied with an accuracy that is not
possible for high-redshift dwarf galaxies. The majority of
these nearby galaxies can often be classified as blue com-
pact dwarf (BCD) galaxies because of their low mass, blue
colour, due to the active star-formation, and compact mor-
phology (Thuan & Martin 1981).
The first spectroscopically observed extremely metal-
deficient SFG, I Zw 18 (Searle & Sargent 1972), has
12 + log O/H ∼ 7.17 – 7.26 (e.g. Skillman & Kennicutt
1993; Izotov & Thuan 1998). More recently, other SFGs
with lower metallicities, e.g. SBS 0335−052W with
12 + logO/H = 7.12±0.03 (Izotov et al. 2005) and Little
Cub with 12 + logO/H = 7.13±0.08 (Hsyu et al. 2017)
have been found. The large spectroscopic data base pro-
vided by the Sloan Digital Sky Survey (SDSS) has al-
lowed to increase considerably the number of known SFGs
with 12 + log O/H ∼ 7.1 – 7.3, to ∼ 50 objects (e.g.
Izotov et al. 2012a; Guseva et al. 2017). However, only very
few SFGs with 12 + log O/H < 7.1 have been uncovered
so far. One example is AGC 198691 with 12 + logO/H =
7.02±0.03 (Hirschauer et al. 2016). Recently, Izotov et al.
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(2018a) have discovered in the SDSS Data Release 13
the SFG J0811+4730 with a record low 12 + log O/H
= 6.98±0.02, as derived from a high signal-to-noise ra-
tio spectrum obtained with the Large Binocular Telescope
(LBT). Similar or lower oxygen abundances of 7.01±0.07,
6.98±0.06, 6.86±0.14 have been reported by Izotov et al.
(2009) in three individual H ii regions of SBS 0335−052W,
and of 6.96±0.09 by Annibali et al. (2019) in one of the H ii
regions in DDO 68. However, we note that the luminosity-
weighted oxygen abundances (i.e. derived from the inte-
grated spectrum of all observed H ii regions in the galaxy)
in SBS 0335−052W and DDO 68 are higher than that in
J0811+4730.
In this paper, we present LBT1 spectroscopic observa-
tions of a new SFG, J1234+3901 (the IAU designation is
SDSS J123415.69+390116.4), which can also be classified as
a BCD. The galaxy was selected from the SDSS Data Re-
lease 14 (DR14) data base (Abolfathi et al. 2018), based on
various emission line ratios, as one of the most promising
candidates for being a very low metallicity SFG with high-
excitation H ii regions (see the SDSS spectrum in Fig. 1a).
Its coordinates, redshift and other characteristics obtained
from the photometric and spectroscopic data are presented
in Table 1. For comparison, we also show in the Table simi-
lar data for the most metal-poor BCD known, J0811+4730
from Izotov et al. (2018a).
The LBT observations of J1234+3901 and data reduc-
tion are described in Sect. 2. We derive its element abun-
dances in Sect. 3. Integrated characteristics of J1234+3901
are presented in Sect. 4. In Sect. 5 we discuss the origin of
the hard ionizing radiation responsible for the strong He ii
λ4686 emission line. The possibility of Lyman continuum
leakage in J1234+3901 is considered in Sect. 6. We summa-
rize our main results in Sect. 7.
2 LBT OBSERVATIONS AND DATA
REDUCTION
We have obtained LBT long-slit spectrophotometric obser-
vations of J1234+3901 on 6 June, 2018 in the twin binocular
mode using the MODS1 spectrograph2. As for MODS2, due
to a technical problem with the CCD of the red channel, ob-
servations were executed only with the blue channel. Spectra
were obtained in the wavelength range 3200 – 10000A˚ with a
1.2 arcsec wide slit, resulting in a resolving power R ∼ 2000.
The seeing during the observations was 0.6 arcsec. The an-
gular size of J1234+3901 as measured by the Full Width at
1 The LBT is an international collaboration among institutions in
the United States, Italy and Germany. LBT Corporation partners
are: The University of Arizona on behalf of the Arizona university
system; Istituto Nazionale di Astrofisica, Italy; LBT Beteiligungs-
gesellschaft, Germany, representing the Max-Planck Society, the
Astrophysical Institute Potsdam, and Heidelberg University; The
Ohio State University, and The Research Corporation, on behalf
of The University of Notre Dame, University of Minnesota and
University of Virginia.
2 This paper used data obtained with the MODS spectrographs
built with funding from NSF grant AST-9987045 and the NSF
Telescope System Instrumentation Program (TSIP), with addi-
tional funds from the Ohio Board of Regents and the Ohio State
University Office of Research.
Table 1. Comparison of observed characteristics of J0811+4730
and J1234+3901
Parameter J0811+4730 J1234+3901
R.A.(J2000) 08:11:52.12 12:34:15.70
Dec.(J2000) +47:30:26.24 +39:01:16.41
z 0.04444 0.13297
GALEX FUV, mag ... 21.24±0.38
GALEX NUV, mag ... 22.17±0.57
SDSS g, mag 21.37±0.05 21.92±0.06
WISE W1, mag ... 16.99±0.10
WISE W2, mag ... 16.16±0.17
DL, Mpc
∗ 198 650
Mg, mag† −15.41±0.06 −17.35±0.06
log Lg/Lg,⊙‡ 8.35±0.03 9.12±0.03
log M⋆/M⊙†† 6.24±0.33 7.13±0.30
M⋆/Lg , M⊙/Lg,⊙ 0.0078 0.0102
L(Hβ), erg s−1∗∗ (2.1±0.1)×1040 (4.9±0.3)×1040
SFR, M⊙yr−1‡‡ 0.48±0.02 1.08±0.08
12+logO/H††† 6.979±0.019 7.035±0.026
∗Luminosity distance.
†Corrected for Milky Way extinction.
‡log of the SDSS g-band luminosity corrected for Milky Way ex-
tinction.
††Derived from the extinction- and aperture-corrected SDSS spec-
trum.
∗∗Corrected for extinction and the SDSS spectroscopic aperture.
‡‡Derived from the Kennicutt (1998) relation using the
extinction- and aperture-corrected Hβ luminosity.
†††Oxygen abundances of J0811+4730 (Izotov et al. 2018a) and
J1234+3901 (this paper) derived from the LBT spectra.
Half Maximum of the Point Spread function is 1.28 arcsec.
Thus the LBT slit width should include most of the light of
the galaxy. We will discusss this issue more quantitatively
in Section 4.
Four 900 s subexposures were obtained in the blue range
separately with MODS1 and MODS2, resulting in a total
exposure time of 2×3600 s, counting both spectrographs. In
the red range, three 900 s subexposures were obtained with
the MODS1, resulting in the total exposure of 2700 s. The
airmass during observations was in the range 1.05 – 1.15.
Thus, the effect of atmospheric refraction is small for all
subexposures (see Filippenko 1982).
The spectrum of the spectrophotometric standard star
GD 153 was obtained during the same night with a 5 arcsec
wide slit for flux calibration and correction for telluric ab-
sorption in the red part. Additionally, calibration frames of
biases, flats and comparison lamps were obtained during the
same period with the same setups of MODS1 and MODS2.
The MODS Basic CCD Reduction package modscc-
dred
3 and iraf4 were used for bias subtraction, flat field
correction, wavelength and flux calibration. After these re-
duction steps, MODS1 and MODS2 subexposures in the
blue part of the spectrum and MODS1 subexposures in the
red part were combined. The one-dimensional spectrum of
3 http://www.astronomy.ohio-state.edu/MODS/Manuals/
MODSCCDRed.pdf
4
iraf is distributed by the National Optical Astronomy Obser-
vatories, which are operated by the Association of Universities for
Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.
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Figure 1. a) The rest-frame SDSS spectrum of J1234+3901. b) The rest-frame SDSS spectrum of J1234+3901 (grey line) on which
is superposed the modelled spectral energy distribution (SED). The thin solid and dashed lines represent modelled nebular and stellar
SEDs while the solid thick line shows their sum (total SED). c) and d) The rest-frame LBT spectrum of J1234+3901. Insets in a), c)
and d) show expanded parts of spectral regions around the Hγ and Hα emission lines for a better view of weak features. Some emission
lines in a), c) and d) are labelled.
J1234+3901 extracted in a 1.2 arcsec aperture along the spa-
tial axis is shown in Fig. 1c and 1d. Strong emission lines are
present in the spectrum, suggesting active star formation. In
particular, a strong [O iii] λ4363 emission line is detected
with a signal-to-noise ratio much higher than in the SDSS
spectrum (compare insets in Fig. 1a and Fig. 1c), allow-
ing reliable abundance determinations. The another notable
feature detected in both the SDSS and LBT spectra is the
He ii λ4686 emission line (Fig. 1c), implying the presence of
hard ionizing radiation with energy above 4 Ryd. We also
note that the weak [N ii]λ6584 emission line is not detected
in the LBT spectrum because of insufficient signal-to-noise
ratio (see inset in Fig. 1d). This fact precludes the determi-
nation of the nitrogen abundance. On the other hand, weak
broad wings of Hα are present (see inset in Fig. 1d), indicat-
ing fast moving ionized gas in J1234+3901 with a velocity
dispersion σ ∼ 850 km s−1. However, this estimate is some-
what uncertain because of the low intensity of the broad Hα
emission line and a noisy continuum.
The observed emission-line fluxes and their errors in
both the SDSS and LBT spectra were measured using
the iraf splot routine. Following Izotov et al. (1994) they
were corrected for extinction and underlying stellar absorp-
tion, derived from the observed decrement of the hydro-
gen Balmer emission lines. The equivalent widths of the
underlying stellar Balmer absorption lines are assumed to
be the same for each line. The fluxes corrected for extinc-
tion (all lines) and underlying stellar absorption (hydrogen
lines) are shown in Table 2 for both the SDSS and LBT
observations. The Table also includes the extinction coef-
ficient C(Hβ), the observed Hβ emission-line flux F (Hβ),
the rest-frame equivalent width EW(Hβ) of the Hβ emis-
sion line, and the equivalent width of the Balmer absorp-
tion lines. Within the errors, the derived extinction C(Hβ)
∼ A(V )/2.1 (Aller 1984) is zero (Table 2). This null value
is consistent with the low Milky Way extinction A(V ) =
0.042 mag (NASA Extragalactic Database) and implies a
very low internal galaxy extinction, likely due to the very
low metallicity of J1234+3901. A similar conclusion can be
made for J0811+4730 with the lowest luminosity-weighted
oxygen abundance known (Izotov et al. 2018a). Its internal
extinction A(V ) = 0.167 mag is smaller than the Milky Way
extinction A(V ) = 0.180 mag. Low A(V ) < 0.5 mag are
typical for low-redshift compact SFGs (Izotov et al. 2014;
Guseva et al. 2017). We finally note that the EW(Hβ) in
J1234+3901 is high, ∼ 276A˚ in the SDSS spectrum and
∼ 242A˚ in the LBT spectrum, implying that its optical emis-
sion is dominated by radiation from a very young starburst,
with age ∼ 3 Myr.
c© 2012 RAS, MNRAS 000, 1–9
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Table 2. Extinction-corrected emission-line flux ratios∗
Line SDSS LBT
3187.74 He i ... 1.93±0.24
3703.30 H16 ... 1.28±0.17
3711.97 H15 ... 2.63±0.40
3721.94 H14 ... 0.95±0.11
3727.00 [O ii] 11.74±2.38 12.76±0.45
3734.37 H13 ... 1.51±0.13
3750.15 H12 ... 4.62±0.42
3770.63 H11 ... 5.72±0.43
3797.90 H10 6.39±2.45 6.75±0.43
3819.64 He i ... 1.08±0.11
3835.39 H9 7.01±2.33 7.87±0.41
3868.76 [Ne iii] 15.79±2.56 12.77±0.44
3889.00 He i+H8 20.76±3.20 17.70±0.63
3968.00 [Ne iii]+H7 21.59±3.27 20.16±0.71
4026.19 He i ... 1.59±0.14
4101.74 Hδ 25.79±3.38 26.03±0.85
4227.20 [Fe v] ... 0.66±0.21
4340.47 Hγ 45.45±4.60 46.37±1.40
4363.21 [O iii] 6.94±1.88 7.73±0.29
4471.48 He i 3.19±1.50 3.82±0.19
4685.94 He ii 3.03±1.51 2.42±0.20
4712.00 [Ar iv]+He i ... 1.87±0.17
4740.20 [Ar iv] ... 1.73±0.17
4861.33 Hβ 100.00±7.58 100.00±2.89
4958.92 [O iii] 64.95±5.48 68.40±2.01
5006.80 [O iii] 187.06±12.4 197.00±5.74
5875.60 He i 10.66±1.91 10.09±0.50
6562.80 Hα 272.07±18.9 271.29±8.48
6678.10 He i 4.09±1.23 2.43±0.33
7065.30 He i 5.10±1.30 3.85±0.41
C(Hβ)† 0.000±0.083 0.000±0.037
F (Hβ)‡ 10.93±0.58 9.74±0.28
EW(Hβ)∗∗ 276.0±14.5 242.2±1.0
EW(abs)∗∗ 0.4±2.4 2.7±0.4
∗in units 100×I(λ)/I(Hβ).
†Extinction coefficient, derived from the observed hydrogen
Balmer decrement.
‡Observed flux in units of 10−16 erg s−1 cm−2.
∗∗Equivalent width in A˚.
Table 3. Electron temperatures, electron number densities and
heavy element abundances
Property SDSS LBT
Te(O iii), K 21100±3700 21900±600
Te(O ii), K 15600±2500 15600±400
Ne(S ii), cm−3 10±10 10±10
O+/H+×106 0.939±0.425 1.032±0.077
O2+/H+×105 0.969±0.382 0.950±0.064
O3+/H+×106 0.236±0.162 0.313±0.054
O/H×105 1.086±0.385 1.085±0.065
12+log(O/H) 7.036±0.154 7.035±0.026
Ne2+/H+×106 1.770±0.691 1.322±0.087
ICF(Ne) 1.046 1.053
Ne/H×106 1.852±0.775 1.392±0.100
log(Ne/O) −0.768±0.238 −0.892±0.041
3 HEAVY ELEMENT ABUNDANCES
The procedures described by Izotov et al. (2006a) are used
to determine heavy element abundances from the SDSS and
LBT spectra. The temperature Te(O iii) is calculated from
the [O iii] λ4363/(λ4959 + λ5007) emission-line flux ratio.
It is used to derive the abundances of O3+, O2+ and Ne2+.
The abundance of O+ is derived with the electron temper-
ature Te(O ii), using the relations of Izotov et al. (2006a)
between Te(O ii) and Te(O iii). These relations have been
obtained from the ionization-bounded H ii region models of
Stasin´ska & Izotov (2003), assuming the low-density limit,
when collisional de-excitation from upper levels of forbid-
den transitions is unimportant (e.g. Aller 1984), and adopt-
ing the stellar evolution models of Meynet et al. (1994) and
the stellar atmosphere models of Smith, Norris & Crowther
(2002). To check the integrity of our Te(O ii) – Te(O iii)
relations, we have also derived relations using as input the
cloudy v17.01 H ii region models of Ferland et al. (2017).
The resulting relations are very similar to the ones obtained
by Izotov et al. (2006a). We note that in the particular case
of J1234+3901, the fraction of O+ ions is one order of mag-
nitude lower than that of O2+ ions because of the very high
O32 ratio (see Section 6). Therefore, uncertainties of Te(O ii)
of ∼ 10 per cent will result in uncertainties of oxygen abun-
dances . ± 0.01 dex. The [S ii] λ6717, λ6731 emission lines
are not detected and the [O ii]λ3726, λ3729 emission lines
are not resolved in both the SDSS and LBT spectra. There-
fore, the electron number density Ne(S ii) cannot be deter-
mined from the spectra. We adopted it to be 10 cm−3. The
precise adopted value does not influence the determinations
of oxygen and neon abundances because they do not depend
sensitively on Ne for typical electron number densities of .
103 cm−3 in H ii regions (e.g. Aller 1984).
The total oxygen abundance is derived as follows:
O
H
=
O+ +O2+ +O3+
H+
, (1)
where the abundances of ions O+, O2+, O3+ are obtained
using the relations of Izotov et al. (2006a). For neon, we also
use the relations of Izotov et al. (2006a) to derive the Ne2+
abundance, the ionization correction factor ICF(Ne) and the
total Ne abundance.
The electron temperatures, electron number densities,
ionic abundances, ionization correction factors and total O
and Ne abundances are presented in Table 3. The electron
temperatures Te(O iii) of 21900 ± 600 K derived from the
LBT spectrum and of 21100 ± 3700 K derived from the
SDSS spectrum are high. This is a consequence of the very
low metallicity of J1234+3901.
The nebular oxygen abundance of 12+logO/H =
7.035±0.026 derived from the LBT spectrum is among the
lowest found for SFGs. A similar value was obtained from
the SDSS spectrum, although with a higher error because of
the lower signal-to-noise ratio. The Ne/O abundance ratio
for this galaxy (Table 3), is similar to that in other low-
metallicity SFGs (e.g., Izotov et al. 2006a).
c© 2012 RAS, MNRAS 000, 1–9
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4 INTEGRATED CHARACTERISTICS OF
J1234+3901
The stellar mass, absolute magnitudes and luminosities of
J1234+3901 are derived adopting the luminosity distance
DL = 650 Mpc, obtained from the galaxy redshift for the
cosmological parameters H0 = 67.1 km s
−1 Mpc−1, Ωm =
0.318, ΩΛ = 0.682 (Planck Collaboration XVI 2014) and as-
suming a flat geometry.
The absolute SDSS g magnitude, corrected for the
Milky Way extinction is Mg = −17.35 mag (Table 1).
Thus, J1234+3901 is the most luminous BCD known with
12 + logO/H . 7.3. Like most other extremely metal-
deficient SFGs, it strongly deviates from the luminosity –
metallicity relation defined by the bulk of the SDSS SFGs,
(e.g. see fig. 5 in Izotov et al. 2018a).
The star-formation rate (SFR) in J1234+3901, derived
from the SDSS Hα luminosity (Table 2) using the Kennicutt
(1998) calibration is equal to 1.1 M⊙ yr
−1.
The stellar mass of J1234+3901 is determined from fit-
ting the spectral energy distribution (SED). According to
the SDSS database, the Petrosian radius R90 within which
90 per cent of the galaxy’s light in the SDSS r band is con-
tained, is equal to 1.06 arcsec. Therefore, for SED fitting, we
have used the SDSS spectrum obtained with a round 2 arcsec
aperture which contains most of the galaxy’s light, instead
of the LBT spectrum obtained with a narrow 1.2 arcsec slit.
Some light is missed in the case of the latter, as evidenced
by the lower observed Hβ flux (Table 2). The difference in
the EW(Hβ)s of the LBT and SDSS spectra can also be
explained by an aperture effect. Assuming that the central
ionizing cluster is inside both the SDSS and LBT apertures,
but some Hβ flux is outside the LBT slit, we should correct
the EW(Hβ) of 242.2 A˚ in the LBT spectrum by a factor
10.93/9.74, the ratio of the Hβ fluxes in the SDSS and LBT
spectra. We obtain 271.8 A˚ which agrees well, within the
errors, with the observed value of the EW(Hβ) in the SDSS
spectrum.
To carry out the SED fitting, we calculated a grid of
SEDs for instantaneous burst models in the age and heavy
element mass fraction ranges of 1 Myr – 10 Gyr and Z
= 0.0004 – 0.02, respectively. We use starburst99 mod-
els (Leitherer et al. 1999) and adopt stellar evolution mod-
els by Girardi et al. (2000), stellar atmosphere models by
Lejeune, Buser & Cuisiner (1997) and the Salpeter (1955)
initial mass function (IMF) with lower and upper mass lim-
its of 0.1 M⊙ and 100 M⊙, respectively.
Because the equivalent width of the Hβ emission line
is high (Table 2), the contribution of the nebular contin-
uum should be taken into account in the SED fitting, in
addition to the stellar emission. The nebular continuum was
calculated adopting the electron temperature derived from
the galaxy emission-line spectrum. The fraction of the neb-
ular continuum flux in the total continuum flux near the
Hβ emission line is determined by the ratio of the observed
equivalent width EW(Hβ) to the Hβ equivalent width of 900
– 1100A˚ (the precise value depends on the electron temper-
ature) for pure nebular emission. The star-formation history
in J1234+3901 was approximated by a recent short burst at
age tb < 10 Myr and a prior continuous star formation with
a constant SFR during the time interval t2 – t1 with t1, t2
> 10 Myr and t2 > t1. Finally, the total (stellar+nebular)
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Figure 2. The stellar mass - metallicity relation. J0811+4730
and J1234+3901 are shown by labelled encircled filled circles
and some other extremely low-metallicity compact SFGs from
Hunt et al. (2015, I Zw 18, SBS 0335−052E), Hirschauer et al.
(2016, A198691) and Hsyu et al. (2017, Little Cub) are repre-
sented by labelled filled circles. A subsample of 1397 SFGs from
the SDSS DR14 is represented by grey dots. This subsample in-
cludes only compact galaxies with an [O iii]λ4363 emission line in
their spectra, measured with an accuracy better than 25 per cent.
It is a subsample of the entire sample of compact SFGs selected
from the SDSS data base which includes ∼ 20,000 objects. The
selection criteria for the entire sample were a compact structure
with an angular diameter < 6 arcsec and a high equivalent width
EW(Hβ) & 10A˚ of the Hβ emission line, indicating active star
formation.
SED is scaled to the observed continuum flux near Hβ. We
use a Monte Carlo method with χ2 minimization, varying
tb, t1, t2 and the mass fraction of stellar populations formed
during the burst and after the age of 10 Myr, and aiming
to obtain the best agreement between the modelled and ob-
served continuum in the entire wavelength range of the SDSS
spectrum. Additionally, the observed EW(Hβ) and EW(Hα)
have to simultaneously be reproduced within 10 per cent of
their values by the best model. More details on the SED
fitting procedure can be found e.g. in Izotov et al. (2018a).
The SDSS spectrum superposed by the modelled stellar,
nebular and total SEDs is shown in Fig. 1b. Despite the
noisy data, the model SED reproduces reasonably well the
observed SDSS spectrum, including the region shortward of
the Balmer jump at λ . 3660A˚. We obtain a low stellar mass
for J1234+3901, M⋆ = 10
7.13±0.30 M⊙ (Table 1). This yields
in turn a very high specific star formation rate sSFR of ∼
100 Gyr−1, indicative of very active ongoing star formation.
In Fig. 2 we show the mass – metallicity relation for
low-redshift SFGs. It is seen that both J0811+4730 and
J1234+3901 strongly deviate from the general relation de-
fined by the bulk of the compact SFGs in the SDSS DR14
(grey dots) with oxygen abundances determined reliably by
the direct Te method. These two galaxies are 3 – 5 times
more metal-poor for their stellar masses. They are also more
extreme compared to other very metal-deficient SFGs found
in the literature and shown by filled circles.
Using M⋆ and deriving the g-band luminosity from the
relation
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log
Lg
Lg,⊙
= 0.4 log(Mg,⊙ −Mg), (2)
where Mg,⊙ = 5.45 is the absolute g-band magnitude of
the Sun (Blanton et al. 2003), we obtain the very low mass-
to-luminosity ratio of ∼ 0.01 (in solar units). This is more
than one order of magnitude lower than the average value
for SDSS SFGs, but similar to the one derived for the lowest-
metallicity BCD known, J0811+4730 (Table 1, Izotov et al.
2018a). This M⋆/Lg value is consistent with the value for a
stellar population with age < 10 Myr (Leitherer et al. 1999,
2014; Izotov et al. 2018a), indicating that the emission of
J1234+3901 in the optical range is dominated by young mas-
sive stars with a negligible contribution of older stars, and
possibly supporting the idea that this SFG is a young galaxy
having formed most of its stars only very recently.
5 THE ORIGIN OF THE HARD IONIZING
RADIATION IN J1234+3901
An important feature of the J1234+3901 spectrum is the
presence of a strong narrow nebular He ii λ4686 emission
line (Table 2). A similarly strong He ii λ4686 emission line
was detected by Izotov et al. (2018a) in the spectrum of the
lowest-metallicity BCD known J0811+4730. This line is seen
quite often in low-metallicity SFGs (e.g. Thuan & Izotov
2005; Shirazi & Brinchmann 2012), but very rarely with a
flux above 2 per cent that of Hβ, as is the case for the two
above BCDs. Its origin remains unclear. Several mechanisms
have been proposed for the creation of hard ionizing radia-
tion with energy above 4 Ryd, responsible for the production
of He2+ ions followed by recombination He ii emission. In
particular, Izotov, Thuan & Privon (2012b) have examined
X-ray emission from AGN and high-mass X-ray binaries. Al-
though these cannot be ruled out as sources of hard ionizing
photons, they are considered to be unlikely for the major-
ity of low-mass galaxies with active ongoing star formation.
The most favoured mechanisms are extreme UV (EUV) ra-
diation from hot massive stars and from relatively fast ra-
diative shocks, as discussed below.
5.1 Stellar radiation
At the moment, the role of stellar radiation in the pro-
duction of He ii emission remains controversial. While
e.g. Shirazi & Brinchmann (2012), based on the star-
burst99 population synthesis models, have suggested that
hard radiation is produced by a Wolf-Rayet stellar pop-
ulation in young starbursts with age < 4 – 5 Myr,
Guseva, Izotov & Thuan (2000) and Thuan & Izotov (2005)
have argued for another mechanism, since no WR features
were detected in most of the low-metallicity He ii-emitting
galaxies with 12 + logO/H < 8.0.
One of the most studied He ii emitters is the BCD
SBS 0335−052E with an oxygen abundance 12 + logO/H
= 7.30. This galaxy is also the lowest-metallicity SFG
with detected [Ne v] emission which requires the pres-
ence of even harder radiation, with energy above 7 Ryd.
Izotov, Chaffee & Schaerer (2001), Thuan & Izotov (2005)
and Izotov et al. (2006b) have discussed the origin of He ii
and [Ne v] emission in SBS 0335−052E. It was found that
the He ii emission is spatially distinct from its hydrogen
Hα and Hβ emission and broader, suggesting that the main
source of hard radiation in that BCD is not stars but
more likely radiative shocks. Observations of [Ne v] emis-
sion in other SFGs (Izotov et al. 2004, 2012b) support and
strengthen the radiative shock hypothesis.
Recently Kehrig et al. (2018) have reconsidered the ori-
gin of the He ii λ4686 emission in SBS 0335−052E. To study
the role of stellar radiation in producing He ii emission,
they adopted a set of stellar population synthesis models by
Eldridge et al. (2017) called Binary Population and Spec-
tral Synthesis or bpass v2.1 models. These are different
from e.g. the starburst99 models (Leitherer et al. 1999,
2014) in that they include binary stellar evolution. Those
authors found that the He ii emission of SBS 0335−052E
can only be produced by either single, rotating metal-free
stars or a binary population with Z ∼ 10−5 and a top-
heavy IMF. A difference between the assumed stellar and
observed interstellar medium (ISM) metallicities of several
orders of magnitude does not appear to be reasonable, even
for the most metal-deficient galaxies known, J0811+4730
and J1234+3901. Furthermore, Kehrig et al. (2018) did not
discuss the presence of [Ne v] emission in SBS 0335−052E
which requires an even harder ionizing radiation than He ii
emission.
Below we consider the lowest-metallicity bpass v2.1
stellar models to assess the role these models play in the
production of He ii emission in the particular cases of
J0811+4730 and J1234+3901.
We use the cloudy v17.01 model calculations
(Ferland et al. 2017) in conjunction with the bpass v2.1 stel-
lar models with Z = 10−3, 10−4 and 10−5, the ionization pa-
rameter U in the range 10−3.0 – 10−1.6, and an ISM oxygen
abundance 12 + logO/H = 7.0, to calculate the temporal
evolution of the He ii 4686/Hβ emission line ratio (Fig. 3a).
It is seen that binary evolution considerably increases
the He ii λ4686 emission line intensity, producing two max-
ima at t = 6 and 20 Myr. However, only models with Z =
10−5 are able to produce He ii λ4686/Hβ > 1 per cent. But
even these peak values are considerably lower than those
observed in J0811+4730 and J1234+3901 (shaded horizon-
tal region). We note that the He ii λ4686/Hβ flux ratio is
nearly independent of U . We also note that cloudy models
with bpass v2.1 population synthesis models calculated for
a population of single stars or with starburst99 models
predict a very low He ii λ4686 line intensity, . 0.1 per cent
that of Hβ.
Adopting a top-heavy IMF, i.e. changing the IMF
slope from the Salpeter value α = −1.35 (Salpeter 1955)
to α = −1, and/or increasing the upper mass limit from
Mup = 100 M⊙ to 300 M⊙, will change the model predic-
tions in Fig. 3a, but by not more than 10 per cent. Thus,
we conclude that stellar radiation is unlikely to be the main
source of hard ionizing photons for the production of high-
ionization lines.
5.2 Radiative shocks
Izotov et al. (2012a) have suggested that interstellar radia-
tive shocks with velocities of 300 – 500 km s−1 can produce
sufficient extreme UV ionizing radiation to reproduce ob-
served He ii λ4686/Hβ emission-line ratios of ∼ 2 – 3 per
cent.
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Figure 3. a) Dependence of the He ii 4686/Hβ emission-line ra-
tio on the age of the instantaneous burst in H ii region models in
which the source of ionizing photons is stellar. The solid, dashed
and dotted lines show the predictions of the bpass ionizing radi-
ation models with stellar heavy element mass fractions equal to
10−5, 10−4 and 10−3, respectively. b) Dependence of the He ii
4686/Hβ emission-line ratio on the shock velocity v in composite
models including ionizing radiation from a starburst99 popula-
tion synthesis model of an instantaneous burst with age 2 Myr
and a heavy element mass fraction Z = 10−3, and radiative shock
models. The solid and dashed lines show the model predictions
for the cases when the production rate of ionizing photons by the
shock is respectively 10 per cent and 5 per cent that of stellar ion-
izing radiation. In both panels, the shaded region indicates the
range of the observed He ii 4686/Hβ flux ratios in J0811+4730
and J1234+3901. For all models, a nebular oxygen abundance
12 + logO/H = 7.0 (both panels) and an ionization parameter
U = 10−2.3 (second panel) have been adopted.
To further investigate this possibility, we consider a set
of spherically-symmetric composite cloudy v17.01 models,
adopting ionizing radiation consisting of two components: a)
radiation of a single stellar population with age 2 Myr, with
a production rate of ionizing photons Qstellar = 10
53 s−1 cor-
responding to the average Hβ luminosity of the two studied
galaxies, and with various metallicities, calculated with the
starburst99 code by using Geneva evolutionary tracks of
non-rotating stars; and b) radiation from radiative shocks
coincident with the source of stellar radiation, with various
shock velocities and the lowest metallicity available, that
of the Small Magellanic Cloud, calculated by Allen et al.
(2008). We set, somewhat arbitrarily, the production rate of
ionizing photons from shocks Qshock to be 5 – 10 per cent of
the production rate of ionizing stellar photons Qstellar. The
ionization parameter U averaged over the H ii region volume
is varied in the range 10−3.0 – 10−1.6, the same range as for
the models discussed in Sect. 5.1. Our models correspond to
the case when shocks propagate through the ionized medium
of the H ii region, different from the Allen et al. (2008) cal-
culations who considered propagation of shocks through the
neutral medium.
In Fig. 3b we show the dependence of the He ii
λ4686/Hβ emission-line ratio on the shock velocity for
two composite models, with Qshock/Qstellar = 5 per cent
(dashed line) and 10 per cent (solid line). The shaded re-
gion shows the range of He ii λ4686/Hβ for J0811+4730
and J1234+3901. In contrast to the models with pure stel-
lar ionizing radiation (Fig. 3a), the composite model with
Qshock/Qstellar = 10 per cent can quite succesfully reproduce
observations for shock velocities of ∼ 500 – 600 km s−1.
Kehrig et al. (2018) discussing the origin of He ii λ4686
emission line in SBS 0335−052E dismissed radiative shocks
as a source of this emission, citing the models by e.g.
Allen et al. (2008) which predict enhanced [O i] λ6300 and
[S ii] λ6717, 6731 emission lines compared to those observed
in SBS 0335−052E. However, this argument is not convinc-
ing because Allen et al. (2008) considered shocks propagat-
ing through a neutral ISM, while shocks in SBS 0335−052E
most likely propagate through an ionized medium. The H ii
region extends to 1 – 2 kpc from the ionizing clusters, and
both the oxygen and sulfur in it are in stages of ionization
higher than neutral oxygen and singly ionized sulfur. Apply-
ing the composite models above to the SFGs J0811+4730
and J1234+3901, we find that radiative shocks increase at
most the fluxes of the [O i] λ6300 and [S ii] λ6717, 6731
emission lines by ∼ 10 per cent compared to the models
with pure stellar emission.
6 CAN J1234+3901 BE A LYMAN
CONTINUUM LEAKING GALAXY?
It is generally thought that primeval galaxies were low-
mass star-forming systems formed from zero-metallicity gas
at redshifts & 10. They likely were the main sources of
reionization of the Universe at redshifts z ∼ 5 – 10 (e.g.
Ouchi et al. 2009; Karman et al. 2017). J1234+3901 as well
as J0811+4730 are likely the best local counterparts of these
primeval galaxies because of their compactness, low mass,
extremely low metallicity and vigorous ongoing star forma-
tion.
It has been suggested by Jaskot & Oey (2013) and
Nakajima & Ouchi (2014) that one of the criteria for
the selection of SFGs with density-bounded H ii re-
gions, allowing Lyman continuum escape, is a high O32 =
[O iii]λ5007/[O ii]λ3727 line ratio. Both J0811+4730 and
J1234+3901 have very high O32, respectively ∼10 and ∼15,
implying LyC leakage.
The O32 – R23 diagram (where R23 = ([O ii]λ3727 +
[O iii]λ4959 + [O iii]λ5007)/Hβ), including both of the two
lowest-metallicity galaxies discussed here, is shown in Fig. 4.
We have also plotted several other very metal-deficient lo-
cal galaxies as listed in Izotov et al. (2018a) and one galaxy
from Hsyu et al. (2017) (filled circles), SFGs with the high-
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Figure 4. The O32 – R23 ratio for SFGs where O32=
[O iii]λ5007/[O ii]λ3727 and R23 = ([O ii]λ3727 + [O iii]λ4959
+ [O iii]λ5007)/Hβ. The lowest-metallicity SFGs from
Hirschauer et al. (2016, A198691), Hsyu et al. (2017, Little
Cub), Annibali et al. (2019, DDO 68#7) and Izotov et al.
(2018a, remaining galaxies) are shown by filled circles and some
of them are labelled. J0811+4730 and J1234+3901 are shown by
encircled filled circles. LyC leakers from Izotov et al. (2016a,b,
2018b,c) are shown by open circles. The three objects with
the highest LyC escape fractions are encircled. SFGs with the
highest O32 are represented by crosses (Izotov et al. 2017) and
SFGs from the SDSS DR14 by grey dots.
est O32 known (> 20, crosses) and z ∼ 0.3 – 0.4 LyC
leakers (open circles and encircled open circles). It is seen
that J1234+3901 has the highest O32 among the lowest-
metallicity galaxies with 12 + logO/H . 7.3 (filled circles).
Because of its extremely low metallicity, it is located very
far to the left of the SFGs with highest O32 and the LyC
leakers, as these have considerably higher 12 + logO/H ∼
7.5 – 8.0. We note that both J0811+4730 and J1234+3901
have O32 similar to those for LyC leakers with the highest
escape fraction of ionizing radiation (fesc(LyC)∼ 46 – 72 per
cent) shown by encircled open circles (Izotov et al. 2018b,c).
These similarities suggest that our two lowest-metallicity
SFGs are likely also LyC leakers.
However, Izotov et al. (2018c) have shown that the O32
ratio is not a certain indicator of LyC leakage, because it
depends also on other factors such as metallicity and ioniza-
tion parameter. Furthermore, because of their low redshifts,
direct observation of the ionizing radiation from these galax-
ies with the HST/COS is not possible. The most promising
way to investigate whether J0811+4730 and J1234+3901 are
LyC leakers is to use an indirect indicator, the Lyα profile
which can be observed with the HST. Following the anal-
ysis of Izotov et al. (2017), the presence of Lyα emission
is expected in both galaxies from the values of their He i
3889/6678 and He i 7065/6678 emission-line ratios, as de-
rived from the LBT optical spectra which we have obtained
for both BCDs. These ratios correspond to the case of low
optical depths τ (3889) in the He i λ3889 emission line and
are similar to those in the confirmed LyC leakers with strong
Lyα emission (Izotov et al. 2017).
7 CONCLUSIONS
In this paper we present Large Binocular Telescope
(LBT)/Multi-Object Dual Spectrograph (MODS) spec-
trophotometric observations of the star-forming galaxy
(SFG) J1234+3901, selected from the Data Release 14
(DR14) of the Sloan Digital Sky Survey (SDSS). This galaxy
can also be classified as a blue compact dwarf (BCD) galaxy
because of its low mass, blue colour indicating active star
formation and compact structure. Our main results are as
follows.
1. The properties of J1234+3901 are extreme in many
ways. Its oxygen abundance is 12+logO/H = 7.035±0.026,
one of the lowest for nearby SFGs. This galaxy with a red-
shift z = 0.133 is the most distant and most luminous object
known among BCDs with 12 + logO/H . 7.3. Its mass-
to-luminosity ratio of ∼ 0.01 in solar units is extremely
low, indicating that its optical luminosity is strongly domi-
nated by a very young stellar population. These properties
are very similar to those of the most metal-deficient SFG
known, J0811+4730 (Izotov et al. 2018a). Both galaxies de-
viate strongly from the luminosity-metallicity and stellar
mass-metallicity relations defined by the bulk of SFGs: they
are 3-5 more metal-poor for their stellar masses and about
a factor of 5-8 more metal-deficient for their SDSS g-band
luminosities.
2. A strong He ii λ4686 emission line with a flux of
2.4 per cent that of Hβ is observed in the spectrum of
J1234+3901. We discuss possible sources of hard ionizing ra-
diation that can produce He ii emission and conclude that
stellar ionizing radiation is insufficient. Comparing model
predictions and the observed fluxes of high-ionization lines
in J1234+3901 and the most metal-deficient SFG known
J0811+4730, we find that the most likely source of hard
ionizing radiation in these galaxies is fast radiative shocks.
3. The O32 = [O iii]λ5007/[O ii]λ3727 flux ratios of ∼
10 and of ∼ 15 in J0811+4730 and J1234+3901, respectively,
are very high. The O32 value for J1234+3901 is the highest
among the lowest-metallicity SFGs. These properties imply
that the two galaxies are likely Lyman continuum leakers
and that they are the best local counterparts of high-redshift
primeval SFGs.
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